Introduction

46
Walking must be highly adaptable to new environments in order to be useful -people quickly learn new 47 calibrations of their walking pattern to account for ice, sand, or even high heels. One novel environmentThird, this type of locomotion is similar to previous research in a reduced gait. In a reduced gait, one 72 limb is walking on a moving surface while the other limb steps in place and is required to remain 'stiff' to 73 reduce joint movement (Faist et al. 1999 ; Van de Crommert et al. 1996) . Reflex and EMG analysis of the 74 reduced gait indicated that there were similar patterns of phase dependent modulation in the lower 75 limbs (Faist et al. 1999 ; Van de Crommert et al. 1996) . This suggests that the marching-walking hybrid 76 may partially activate overlapping neural adaptation circuits to that of split-belt walking. 77
Finally, understanding if adaptation can occur in a marching-walking hybrid condition might have clinical 78 implications for individuals who have suffered a stroke and walk with asymmetric step lengths (Allen et 79 al. 2011; Balasubramanian et al. 2007; Hall et al. 2012; Patterson et al. 2010 ). We have previously 80
shown that stroke survivors can learn to correct their step length asymmetry from long-term training on 81 a split-belt treadmill (Reisman et al. 2013 ). However, split-belt treadmills are generally expensive and 82
are not universally available for rehabilitation. Therefore, it would be important to know if they could 83 benefit from adaptation with the marching-walking hybrid as rehabilitation could be completed on a 84 single-belt treadmill. 85
A couple of studies have assessed if unilateral stepping affects over ground walking-one study showed 86 that it transfers to over ground walking much less than split-belt walking in controls (Huynh et al. 2014) 87 and another study showed it produces modest over ground changes following long-term training in 88 stroke survivors (Kahn and Hornby 2009). However, in unilateral stepping one foot remains on the 89 ground the entire time and the other steps on and off a moving surface (similar to a pattern that would 90 be used to propel a skateboard). We hypothesize that a pattern that more closely matches normal 91 walking with alternating single limb supports, such as a walking-marching hybrid, might lead to greater 92 adaptive changes in walking. 93
Here we tested if a marching-walking hybrid pattern can induce adaptation and de-adaptation similar to 94 split-belt walking. We then asked if the adapted marching-hybrid pattern would transfer to more 95 natural, over ground walking in a similar way as results from split-belt adaptation. Furthermore, we are 96 interested in understanding how the nervous system solves this spatial-temporal balance compared to 97 that of the split-belt walking. The results presented here are important for expanding our understanding 98 of locomotor adaptation, which potentially could be beneficial for walking rehabilitation. 99
Methods
100
Subjects: 57 healthy naive subjects (31 male, 23.6 ± 0.65 years old) participated in this study. The Johns 101
Hopkins Institutional Review Board approved all protocols and all subjects gave informed written 102 consent before participating. 103
Data Collection. Infrared-emitting markers were placed bilaterally on each subject's body over the fifth 104 metatarsal head, lateral malleolus, lateral femoral epicondyle, greater trochanter, iliac crest and 105 acromion process as shown in the first image of Figure 1A . During treadmill (Woodway Split-Belt 106 treadmill) walking, the 3-D position of the markers was recorded at 100 Hz with an Optotrak (Northern 107 Digital) motion capture system. Vertical ground reaction forces were collected at 1000 Hz from the 108 force plate under each belt while the subjects were on the treadmill and these forces were synchronized 109 with the kinematic data. These forces were used to compute heel-strike and toe-off events, and were 110 not otherwise included in our analysis. For the over ground portions of the walking experiment, the time 111 and location of heel strike were recorded using a Zeno Walkway (ProtoKinetics, Havertown,PA) of 6 112 meters in length. The over ground walking was recorded in a different area of the lab, and Optotrak 113 markers were not recorded during those portions of the experiment. 114
Overall Protocol. Subjects walked on the split-belt treadmill with one foot on each belt. The treadmill 115 belt speeds were independently controlled with custom software (Vizard, WorldViz). Sometimes the 116 treadmill belts moved at the same speed ("tied belts") and sometimes they moved at different speeds 117 ("split belts"). During split-belt walking, the faster belt was always under the right foot. A thin divider 118 was placed between the belts to prevent them from stepping on the opposite belt. Subjects wore a 119 non-weight bearing safety harness attached to the ceiling. They were given instructions to hold on to 120 the treadmill's handrail when the belts started moving and then let go and cross their arms within the 121 first few seconds. Near the end of each trial they were instructed to hold on to the handrail before the 122 belts stopped moving. While they were walking, subjects were told to not look at their feet and watch a 123 self-selected movie or show on a TV screen placed in front of them. 124
In Experiment 1, 29 subjects (16 male, 22.8 ± 0.9 years old) completed the protocol shown in Figure 2 to 125 assess differences between a marching-walking hybrid and split-belt training. The subjects were 126 randomly divided into two groups. The SPLIT_TM group (n = 15) performed a standard split-belt 127 experiment ( Figure 2A ) with the slow belt moving at 0.5 m/s and the fast belt moving at 1.5 m/s. This 128 type of walking can be seen in Figure 1A . The MARCH_TM group (n = 14) performed the protocol in 129 Figure 2B with the marching-walking hybrid discussed above: the slow belt was stationary and the fast 130 belt moved at 1.0 m/s. The marching-walking hybrid can be seen in Figure 1B . Note that all belt speeds 131 at 0 m/s are marching. Thus, the difference in belt speeds (fast-slow) was 1.0 m/s for both groups. 132
During adaptation, the subjects in the MARCH_TM group were instructed to march with one foot on the 133 stationary belt and walk with the other foot on the moving belt. To prevent unilateral stepping, subjects 134 were asked to maintain a reciprocal gait pattern where stance on one leg occurred during swing on the 135 other and vice versa. However, they were not instructed how fast to alternate feet nor how high to lift 136 their marching foot. No explicit instructions were given to the SPLIT_TM group during split-belt walking. 137
Both groups in this experiment began with a 2-minute warm-up at 1.0 m/s followed by three 2-minute 138 baselines at tied speeds (mean, fast and slow speeds). The subjects again walked at 0.5 m/s for 1 minute 139 before they experienced an initial exposure to the belts moving at different speeds for 10 seconds. The 140 purpose of the initial exposure was to eliminate startle effects associated with experiencing the split-141 belt walking for the first time (Finley et al. 2014) . Although the subjects were not told that the belts 142 would be moving at different speeds, the subjects were instructed to hold the handrail during this 143 portion of the experiment. This brief exposure was followed by 2 minutes of walking on tied belts at 0.5 144 m/s. All subjects then underwent the adaptation portion of the experiment for 15 minutes with the 145 belts moving at different speeds, followed by a post-adaptation portion for 15 minutes with tied belts. 146
The post-adaptation speed was 0.5 m/s for both groups because previous work has shown that the 147 largest aftereffects for split-belt training are seen at the slow speed (Vasudevan and Bastian 2010) . 148
In Experiment 2, 28 new subjects (15 male, 24.4 ± 0.9 years old) were recruited and randomly divided 149 into two groups to assess the differences in transfer to over ground walking from the marching-walking 150 hybrid versus standard split-belt walking. The SPLIT_OG group (n = 14) and MARCH_OG group (n =14) 151 adapted to the same speeds as in Experiment 1 in a similar paradigm as shown in Figure 2 (note that this 152 experiment includes the red dashed segments). Before the treadmill portion began, the subjects walked 153 ten times over ground on a 6 meter Zeno Walkway, which recorded the time and position of over 154 ground foot falls. After 15 minutes of adaptation on the treadmill, they experienced a 10 second tied-155 belt catch trial (without holding on), in which both belts moved at 0.5 m/s to assess their learning on the 156 treadmill. Following the catch trial, they readapted for 5 more minutes. Within a few minutes of 157 completing the adaptation portion, subjects were then pushed in a wheelchair to the Zeno Walkway, 158 where they walked ten times over the 6 meter walkway. To measure how much over ground walking 159 washed out treadmill adaptation, subjects were then returned with the wheelchair to the treadmill and 160 walked for 15 minutes at 0.5 m/s. If there exists overlapping adaptive neural circuits between themarching-walking hybrid and natural walking, we should see over ground transfer following adaptation 162 and we should see that the post-adaptation over ground walking washes out the adaptive learning (Choi 163 and Bastian 2007; Reisman et al. 2009) . 164
Data Analysis. In this study, step length is defined as the difference in ankle marker positions at heel 165 strike of each leg. The heel strikes were determined from vertical ground reaction forces as crossing of a 166 threshold corresponding to approximately 10% of each subject's weight. The fast step length 167 corresponds to heel strike with the foot on the fast belt and slow step length corresponds to heel strike 168 with the foot on the slow belt as shown in Figure 1A . The difference in step lengths (fast -slow) is 169 defined as step length difference. For the marching-walking hybrid, the fast leg is the walking leg and 170 the slow leg is the marching leg as shown with step lengths in Figure 1B . A step length difference value 171 of 0 means that the step lengths are equal, a positive value means that the fast step length is longer 172 than the slow step length and a negative value means that the fast step length is shorter than the slow 173 step length. 174
Time Frames of Interest for Treadmill Walking. In Experiment 1, we analyzed adaptation and post-175 adaptation periods in three separate time frames: initial (mean of first 5 strides), early (mean of strides 176 5-200) and late (mean of last 30 strides). The early measure provides a method for comparing rates of 177 adaptation and de-adaptation between groups. This method is agnostic in that it does not assume a 178 specific model (e.g. single or double exponential), but still allows us to robustly distinguish between 179 groups with different rates of learning (Jayaram et al. 2012; Malone et al. 2011) . Note that the baseline 180 step length difference for each subject was calculated as the mean step length difference across the 2 181 minute 0.5 m/s tied-belt baseline since all groups de-adapted at this speed. The mean of this baseline 182 period was subtracted from all subsequent analysis so that all values are expressed relative to baseline. 183
Over Ground Transfer and Washout Indexes. In Experiment 2, step length difference treadmill learning 184 was defined as the difference between the mean of the first 5 strides in the tied-belt catch trial 185 ( ) and the mean of 2 minute 0.5 m/s tied-belt baseline ( , approximately 50 strides). 186
Baseline over ground walking ( ) was defined as the average step length difference over all ten 187 6 meter walks before walking on the treadmill. The post-adaptation over ground aftereffect ( ) 188 was defined as the average step length difference of the first post-adaptation over ground 6 meter walk 189 (about 4 strides). The over ground transfer was then defined as the difference between the over ground 190 aftereffect and over ground baseline. The subjects were then returned to the treadmill to assess how 191 over ground walking washed out the treadmill learning. The treadmill washout was defined as the 192 difference in step length difference between and the mean of the first 5 strides of post-193 adaptation on the treadmill ( ). These quantities were defined mathematically as 194
Similarly, over ground transfer and treadmill washout as percentages of treadmill learning were defined 195 as 196
These metrics for over ground transfer are similar to those in previous split-belt experiments (Torres-197 Oviedo and Bastian 2012; 2010) . Here, is a spatial variable that indicates where the slow foot is placed relative to the previous fast 205 foot placement, is the approximate speed of the slow ankle relative to the body while it is on the slow 206 moving belt, and is the slow step time. Similarly, is a spatial variable that indicates where the fast 207 foot is placed relative to the previous slow foot placement, is the approximate speed of the fast ankle 208 relative to the body while it is on the fast moving belt, and is the fast step time. The step time was 209 defined as the time between opposite heel strikes as done previously by Malone et al (Malone et al. 210 2012) . The derivation of this model has been described in detail elsewhere (Finley et al. 2015) and is 211 summarized in the Appendix for clarity. 212
In this model for step length difference, the spatial contribution is due to differences in foot placements 213 relative to the body, the temporal contribution is due to differences in step times, and the perturbation 214 contribution is largely due to differences in treadmill belt speeds. Under normal treadmill walking, 215 individuals do not experience the perturbation term because both feet are moving at the same speed 216 ( = ). During split-belt walking, this term can be thought of as a perturbation to step length 217 difference as it changes almost instantly to a non-zero value when the belts begin moving at different 218 speeds. The temporal and spatial components must cancel this perturbation to have symmetric step 219 lengths; therefore, we also calculated the sum of the temporal and spatial components. Baseline values 220 from the 0.5 m/s tied baseline for each of these components were subtracted to account for any offset. 221
Since each subject has a slightly different perturbation size, we also calculated the relative contribution 222 of the temporal and spatial components with respect to the perturbation size. 223
Statistical Analysis. In Experiment 1, a mixed model repeated measures ANOVA with time frames (initial 224 adaptation, early adaptation, late adaptation, initial post-adaptation, early post-adaptation and late 225 post-adaptation) and group (split-belt walking or marching-walking hybrid) as fixed effects and subject 226 as a random effect was utilized to test for differences in step length during the experiment. When there 227 was statistical significance in this ANOVA, post-hoc analyses were used to compare between time 228 frames (1 sample t-tests) and between groups (2 sample t-tests). One subject from SPLIT_TM group was 229 removed from all analyses since the subject experienced an initial adaptation step length difference that 230 exceeded 3 standard deviations of the other SPLIT_TM subjects. For the model analysis, 1 sample t-tests 231 were used to compare between time frames within a group and 2 sample t-tests were used to compare 232 between the groups for each of the model components for several time frames. In Experiment 2, 2 233 sample t-tests were used to analyze the overground metrics discussed above. All statistical analysis was 234 conducted in Matlab and p values less than 0.05 were considered as significant. 235
236
Results
237
Time Frame Analysis: We found that the marching-walking hybrid induces adaptation and aftereffects of 238 step length difference, similar to those seen with split-belt walking. Figure 3A shows the group means (± 239 standard error) on a stride by stride basis for step length difference for Experiment 1. Both groups had 240 similar step length differences during baseline tied-belt walking at 0.5 m/s (p = 0.41) which were not 241 different than 0 (p = 0.14), i.e. symmetric walking. Therefore, baseline step length difference was 242 removed on an individual basis. The initial, early, and late time frames for adaptation and post-243 adaptation are shown in Figure 3B . A mixed model repeated measures ANOVA showed that there was 244 not a significant group effect (F(1,26) = 0.77, p = 0.38), but there was a significant time frame effect 245 (F(5,130) = 408, p < 0.001) and a group by time frame interaction effect (F(5,130) = 8.8, p < 0.001). 246
These effects indicate that the step length differences varied across time frames and that these changes 247 across time frames depended on the group. Post hoc t-tests showed that the MARCH_TM group had a 248 larger step length difference during initial adaptation (p = 0.04), early adaptation (p < 0.001) and early 249 post-adaptation (p = 0.002) compared to the SPLIT_TM group, whereas no differences were observed 250 for late adaptation (p = 0.52), initial post-adaptation (p = 0.88) and late post-adaptation (p = 0.46). A 251 striking finding is that it took the marching-walking hybrid group longer to reduce the step symmetry 252 errors in both adaptation and post-adaptation as shown by the differences in the early time frames. 253
Step Length Difference Model Analysis: We applied the step length difference model described in the 254
Methods to determine if there were differences in the temporal, spatial and perturbation components 255 across time frames or between groups. Stride-by-stride adaptation and post-adaptation group mean (± 256 standard error) for the spatial, temporal and perturbation components as well as step length difference 257 for the SPLIT_TM and MARCH_TM groups are shown in Figure 4A and 4B, respectively. These figures 258 demonstrate that the temporal component adapts much quicker for both groups whereas the spatial 259 component changes much slower. Also note that the SPLIT_TM group has approximate equal 260 contributions from the spatial and temporal components at the end of adaptation, whereas the 261 MARCH_TM group has a much greater contribution from the spatial component. 262
With this model, we can explain the differences in Experiment 1 observed in initial adaptation in step 263 length difference. There was no significant difference between the groups during initial adaptation in 264 the spatial component (p = 0.97), the sum of the spatial and temporal components (p = 0.11) nor the 265 perturbation (p = 0.84), but there was a significant difference in the temporal component (p = 0.005) as 266 shown in Figure 4C . This indicates that the initial difference observed in step length difference (p = 0.04) 267 is due to the temporal component. Recall that the temporal component is the product of the average 268 belt speed and the step time difference. Although there was no difference in the step time difference (p 269 = 0.80) during initial adaptation, the average speed was significantly different (p < 0.001) near 0.5 m/s 270 for the marching-walking hybrid and near 1.0 m/s for the split-belt walking. As a result, it appears that 271 the difference between these two groups in initial adaptation step length difference ( Figure 3B ) was due 272 to the difference in average belt speed since all other components of this model were not significantly 273
different. 274
We observed that different spatial and temporal strategies can achieve symmetric stepping in late 275 adaptation for the two groups. Figure 4D shows the different model components of step length 276 difference for late adaptation. Over the course of 15 minutes, both groups increased their spatial 277 component (late -initial adaptation both p < 0.001) but to different extents as the MARCH_TM group 278 has a much larger value compared to the SPLIT_TM group (p < 0.001). In addition, the MARCH_TM 279 group does not significantly change its temporal component (late -initial adaptation, p = 0.15), whereas 280 the SPLIT_TM group significantly increases its temporal component (late -initial adaptation, p < 0.001). 281
However, these spatial and temporal changes balance out since the sum of the two components in late 282 adaptation are not significantly different (p = 0.13). Although the perturbation is not significantly 283 different between the two groups at late adaptation (p = 0.07), the perturbation has increased slightly 284 (both p < 0.001), most likely due to a settling of the stride times. During late adaptation, the sum of the 285 temporal and spatial components is almost equal and opposite to the amplitude of the perturbation, so 286 the groups ultimately reach a similar step length difference (p =0.52). Figure 5 shows the relative 287 contributions of the temporal and spatial components to offsetting the perturbation during late 288 adaptation. These results indicate that individual subjects can use different combinations of the spatial 289 and temporal components to achieve symmetric stepping. It appears that subjects performing the 290 marching-walking hybrid utilize a strategy that is mostly spatial whereas the subjects walking with the 291 split belts use a more even mixture of temporal and spatial. However, subjects in either group could 292 vary in their strategy. 293
Which components are stored when the belts return to tied speeds? The right portion of Figures 4A and  294 4B show the components for post-adaptation in Experiment 1. Figure 4E shows that initial aftereffects in 295 step length difference are largely due to the spatial component. The spatial component remains largely 296 positive and is not significantly different between the two groups (p = 0.27). After adaptation, the belts 297 are returned to the same speed so the perturbation term is near zero for both groups. There is a 298 significant difference between the two groups in perturbation (p =0.01) and in the temporal component 299 (p=0.004), but since these terms are relatively small their effects on the overall step length difference 300 are minimal. Thus, there is no significant difference between the two groups in the sum of the spatial 301 and temporal terms (p = 0.52) nor in the overall step length difference (p=0.88). As a result, the positive 302 aftereffect in step length difference was due almost exclusively to the spatial component as can be seen 303 in Figures 4A and 4B . 304
Over Ground Walking Analysis: In Experiment 2, we assessed both adaptation and over ground transfer 305 for a new group of subjects. Figure 6A shows baseline subtracted step length difference results for the 306 treadmill segments. Both groups again have similar baseline tied-belt walking (p = 0.18) which was not 307 different than 0 (p = 0.32). With these new groups of subjects, we confirmed the results of Experiment 1 308 that the marching-walking hybrid had a larger initial adaptation step length difference (p = 0.03), 309 adapted slower (p < 0.001) and de-adapted slower (p = 0.07). We also observed again that the marching-310 walking hybrid utilized a strategy that was mostly spatial as shown with the relative contributions of the 311 temporal and spatial components compared to the perturbation in Figure 5 . 312
The main objective of Experiment 2 was to compare the over ground transfer and treadmill washout 313 between the two groups. We did not observe a difference in the amounts of treadmill learning between 314 the groups (p = 0.11). There was significant over ground transfer in both groups relative to baseline 315 (both p < 0.001). Furthermore, the amount and percentage of transfer to over ground walking was not 316 significantly different between the groups (p = 0.09, p = 0.45, respectively) as shown in Figure 6B and 317 Figure 6C , respectively. On the other hand, the amount of treadmill washout was reduced in the 318 marching-walking hybrid for both absolute (p = 0.03, see Figure 6B ) and percent (p = 0.03, see Figure  319 6C). In summary, the marching-walking hybrid group in Experiment 2 transferred similarly to over 320 ground walking compared with the split-belt walking group, but washed out treadmill after-effects less. 321
Discussion
322
The objective of this study was to compare a marching-walking hybrid (in which one foot marches on a 323 stationary surface and the other foot walks on a moving treadmill belt) to standard split-belt walking. In 324 Experiment 1, we demonstrated that the marching-walking hybrid does induce adaptation and produces 325 aftereffects in step length differences comparably to that of split-belt walking. In addition, we observed 326 in this experiment that subjects in the marching-walking hybrid adapted slower and de-adapted slower.
In Experiment 2, we observed that the marching-walking hybrid does transfer to over ground walking to 328 a similar extent as split-belt walking, but washes out less. We also observed that the marching-walking 329 hybrid groups utilize a spatial strategy whereas the split-belt walking groups utilize a spatiotemporal 330 strategy to counter the perturbation induced by the belts moving at different speeds. 331
The marching-walking hybrid presented here is similar to a reduced gait used in previous locomotor 332 studies. In a reduced gait, one limb is walking on a moving treadmill belt while the other limb is held 333 'stiff' and steps in place (Faist et al. 1999 ; Van de Crommert et al. 1996) . The marching-walking hybrid is 334 slightly different in that the marching leg is not required to be stiff and allows flexion of the joints during 335 the marching swing phase. In the work by Faist and colleagues, they demonstrated that the biceps 336 femoris reflex as well as EMG signals of the lower limbs exhibited phase-dependent modulation (Faist et 337 al. 1999 ; Van de Crommert et al. 1996) . These signals were shown to be quite similar in the 'stiff' leg to 338 that of normal gait even though the stiff leg had little to no joint movement. Given the work in a 339 reduced gait as well as the similarities in adaptation between the groups presented here, this suggests 340 that there may be partial overlap in the neural circuits governing adaptation in the marching-walking 341 hybrid and split-belt walking. 
Spatial-Temporal Balance of
Step Length Difference: Previous work from our lab has shown that split-364 belt walking adaptation contains a form of error-based learning and depends on the cerebellum 365 (Morton and Bastian 2006). We have suggested that step length asymmetry, or the difference in step 366 lengths, serves as an error signal driving learning (Reisman et al. 2005) . Additionally, it has been shown 367 that people adapt both spatially ("where to step") and temporally ("when to step") (Malone et al. 2012) . 368
Here we used a step length difference model that separates the treadmill perturbation (i.e. difference in 369 treadmill belt speeds) from the spatial and temporal components involved in re-establishing step 370 symmetry during adaptation. Importantly, both of the groups studied here received similar levels of 371 perturbation to step length difference, yet adjusted their spatial and temporal components differently in 372 order to adapt. Here we refer to the perturbation as the size of the perturbation component and not the 373 size of the initial step length difference. To cancel this perturbation, subjects in the marching-walking 374 hybrid group used a strategy that was largely spatial whereas the split-belt group used a strategy that 375 was a mixture of both spatial and temporal components. Previous work has also shown that split-belt 376 walking uses a spatial-temporal strategy (Finley et al. 2015) . By comparing the marching-walking hybrid 377 and split-belt walking paradigms presented here, this demonstrates that people are able to counter a 378 perturbation of a particular size by varying their temporal and spatial strategies. 379
Fast Adapting Temporal Component: While the size of the temporal component in late adaptation was 380 different between the marching-walking hybrid and split-belt walking, the temporal component adapted 381 quickly in both conditions. A fast adapting temporal component is consistent with previous split-belt 382 work in cats (Forssberg et al. 1980; Frigon et al. 2013) , infants (Pang and Yang 2000) and adults (Dietz et 383 al. 1994; Malone et al. 2012; Reisman et al. 2005) . In both infants and decerebrate cats, there is a 384 reduction or absence of strong descending input from the cerebral cortex. This suggests that the spinal 385 cord may be selecting these temporal phase switches simply based on the belt speed for each foot. This 386 is further supported by recent work in decerebrate cats which demonstrates linear relationships 387 between split-belt speeds and the times of stance and swing (Frigon et al. 2013) . Given that each belt 388 speed is different between the marching-walking hybrid and split-belt walking, it is possible that the 389 observed differences in the size of the temporal component of our step length difference model may 390 simply be a result of some relationship in the belt speed combinations and this relationship may be 391 calculated in the spinal cord. 392
Slow Adapting Spatial Component:
In the work presented here, we observed that the spatial 393 contribution to adaptation was larger in the marching-walking hybrid than in split-belt walking. Since the 394 temporal component is established first, it is possible that the desired spatial component is then 395
properly adjusted to result in symmetric walking. We predict that the cerebellum is involved in updating 396 this spatial component based on evidence that (1) people with cerebellar damage do not show learning 397 or aftereffects in step length symmetry (Morton and Bastian 2006) and (2) the aftereffect observed here 398 is largely based on the spatial component. This is also supported with work by Jayaram and colleagues, 399 who demonstrated that brain stimulation with transcranial direct current stimulation applied over the 400 cerebellum could modulate the rates of spatial learning but not temporal learning (Jayaram et al. 2012) . 401
Rates of Step Length Adaptation and De-adaptation:
In this work, we observed in both experiments that 402 the marching-walking hybrid had larger (more negative) early step length differences. In post-403 adaptation, we observed a significant early step length difference in Experiment 1 and a near significant 404 early step length difference in Experiment 2. These results suggest that subjects performing the 405 marching-walking hybrid adapted slower and de-adapted slower. It is possible that the rates of 406 adaptation and de-adaptation are a direct result of the locomotion behavior, but it is also possible that 407 the belt speed ratio (infinite for the marching-walking hybrid vs. 3:1 for split-belt walking) may play a 408 role even though we fixed the difference in belt speeds at 1.0 m/s for both groups. This is supported by 409 previous work which showed that greater belt speed ratios resulted in slower adaptation rates (Reisman 410 et al. 2005) . Future work with different fast belt speeds for the marching-walking hybrid could be 411 conducted to investigate this further. 412
Previous studies have indicated that the rate of adaptation can be heavily influenced by the degree to 413 which the executive system is involved in the adaptive behavior (Taylor and Thoroughman 2008) . 414
Recently, it was shown in a split-belt experiment that conscious correction of step lengths increased 415 adaptation rates whereas distraction in a dual-task slowed adaptation rates (Malone and Bastian 2010) . 416
This work also demonstrated that distraction during adaptation resulted in a slower de-adaptation rate. 417
With this in mind, it is possible that requiring subjects to march on the stationary belt may distract from 418 the locomotor adaptation process, increasing the early step length differences in adaptation and post-419 adaptation of the marching-walking hybrid groups. 420
Comparison with Unilateral Stepping: Recently, it was shown that unilateral stepping, in which one foot 421 remains on a stationary surface and the other foot walks on a moving belt, has modest transfer to over 422 ground walking for stroke survivors (Kahn and Hornby 2009) and is reduced in healthy controls as 423 compared to split-belt walking (Huynh et al. 2014) . Based on the work in reduced gait (Faist et al. 1999 ; 424 Van de Crommert et al. 1996) , it is possible that the muscle activation patterns are similar across 425 unilateral stepping, marching-walking hybrid, and split-belt walking; however, the unilateral stepping 426 does not have alternating single support periods which is known to be an important sensory signal. 427
Thus, it is possible that the presence of this unloading signal in the marching-walking hybrid may result 428 in a slight increase in overground transfer as observed here in Experiment 2. This is supported by 429 previous work that shows that transfer can be improved if context cues that signal the differences 430 between adaptation and the natural environment are reduced (Kluzik et al. 2008; Torres-Oviedo and 431 Bastian 2012; 2010) . While a direct comparison between our between-subject design and the unilateral 432 stepping within-subject design by Huynh and colleagues cannot be conducted, it is important to know 433 that both unilateral stepping and the marching-walking hybrid both produce post-learning effects and 434 potentially could be used for rehabilitation as an alternative to split-belt walking as done by Kahn and 435
colleagues (Kahn and Hornby 2009). 436
Clinical Implications: Cerebral stroke survivors are known to walk with an asymmetric gait (Allen et al. 437 2011; Balasubramanian et al. 2007; Hall et al. 2012; Patterson et al. 2010 ). In our recent work, we 438 observed that stroke survivors can have baseline asymmetries in the spatial, temporal and perturbation 439 contributions of our step length difference model (Finley et al. 2015) . Additionally, some stroke survivors 440 have gone through rehabilitation to walk symmetrically, but their new strategy typically is to 441 compensate for the existing asymmetry in one term by modifying another term. For example, if they 442 have a negative temporal term asymmetry, they might increase their spatial term to compensate 443 instead of bringing the temporal term back to zero. This means that the individual will be walking with 444 equal step lengths, but using a different strategy than healthy controls. The work here supports the idea 445 that different strategies can be utilized to walk with symmetric step lengths. 446
Previous work has shown that split-belt treadmill walking can improve step length asymmetry in stroke 447 survivors (Reisman et al. 2013; Reisman et al. 2007; 2009 ). However, split-belt treadmills are generally 448 expensive and not easily accessible. In this study, we demonstrated that short-term training with a 449 marching-walking hybrid induces similar adaptation and aftereffects to that of split-belt walking in 450 healthy individuals. This suggests that a marching-walking hybrid rehabilitation strategy could possibly 451 be used when split-belt treadmills are not available. In addition, since the marching-walking hybrid 452 focuses on spatial adaptation, it is possible that patients with spatial asymmetries may benefit more 453 from this type of training. Future work will be conducted to determine if we see similar experiences in 454 stroke survivors. 455
For a given stride, we define the first slow heel strike at time SHS1, the fast heel strike at time FHS and 463 the second slow heel strike at time SHS2. We then define the slow and fast step times (Malone et al. 464 2012), respectively, as 465 = − 1, and = 2 − .
For some time TIME, let ( ) and ( ) be the anterior-posterior position of the ankle 466 markers for the fast and slow foot, respectively. These quantities are measured with respect to the 467 average of the two hip markers to maintain a body-centered coordinate frame such that a positive value 468 means the ankle is in front of the hip center (Finley et al. 2015) . Using these variables, the step lengths 469 are defined as 470 ℎ = ( ) − ( ), and
The approximate speed of each ankle (relative to the body) while on the moving belt can be written as 471 for the slow belt and for the fast belt. We calculate these speeds with 472
Given these definitions, we can rewrite the fast step length as 473
As shown in Figure 7 , the fast step length is now decomposed into a spatial term and a temporal 474 term . The spatial variable only depends on where the two feet were placed relative to the body and 475 the temporal variable depends on how far the slow foot moved backwards during the step time. 476
Similarly, we can rewrite the slow step length as 477
Note in Figure 7 , the spatial term is drawn as negative indicating that the slow foot was placed 478 behind the previous fast foot placement. We can now rewrite the step length difference equation as 479
With some rearrangement, we can rewrite the step length difference as 480 Step length is defined as the anterior-posterior distance between the ankle markers at 575 heel strike. Fast (walk) step length occurs at heel strike on the fast (walk) belt and slow (march) step 576 length occurs at heel strike on the slow (march) belt. Infrared emitting markers were placed bilaterally 577 on the fifth metatarsal head (MT), lateral malleolus (LM), lateral femoral epicondyle (LE), greater 578 trochanter (GT), iliac crest (IC) and acromion process (AP). 579
Figure 2: Experimental paradigms with belt speeds for A) split-belt walking and B) the marching-walking 580
hybrid. Experiments began with baseline walking at three different speeds for 2 minutes each. The 581 subjects then walked at 0.5 m/s for 1 minute, experienced a brief 10 second exposure (catch) to the 582 belts moving at different speeds and then walked again at 0.5 m/s for 2 minutes. This was followed by 583 an adaptation phase with the belts moving at different speeds for an extended period. In Experiment 1, 584 subjects adapted for 15 minutes and then de-adapted on the treadmill for 15 minutes. In Experiment 2, 585 subjects adapted for 15 minutes, experienced a 10 second tied-belt catch trial, adapted for 5 more 586 minutes, walked over ground for ten 6 meter walks, and then returned to the treadmill for washout. For 587 all belt speeds at 0 m/s, the subjects were instructed to march. 10 second catch trials are indicated with 588 an exclamation mark. 589 split-belt walking group averages ± standard error. B) The marching-walking hybrid group averages ± 600 standard error. The perturbation (largely negative) occurs when the treadmill belts are driven at 601 different speeds. The temporal term adapts faster in both groups and is much greater in the split group. 602
The spatial term adapts slower and is greater in the marching-walking hybrid group. The temporal, 603 spatial, sum (temporal plus spatial), perturbation and step difference components were analyzed for C) 604 initial adaptation, D) late adaptation, and E) initial post-adaptation of Experiment 1. 605 Figure 5 : Model Relative Contribution in Late Adaptation (last 30 strides after 15 minutes of adaptation). 606
The temporal and spatial components each cancel some percentage of the perturbation. Perfect 607 symmetry is represented with a black line, meaning that anywhere along the line a subject is walking 608 symmetrically. These data indicate that the marching-walking hybrid subjects utilize a strategy that is 609 mostly spatial whereas the split-belt training subjects use a strategy that is a mixture of both temporal 610 and spatial. Relative contributions are shown for groups from both Experiment 1 and Experiment 2. 611 Step length is defined as the distance between the two ankles as heel strike with 619 the fast step length occurring with heel strike on the fast belt and slow step length occurring with heel 620 strike on the slow belt. The spatial variables αf and αs represent the position of the heel strike relative 621 to the previous heel strike. Note that αs is drawn as negative since the slow foot is placed behind the 622 fast foot. 
